The breathing pyrochlore lattice material Ba 3 Yb 2 Zn 5 O 11 exists in the nearly decoupled limit, in contrast to most other well-studied breathing pyrochlore compounds. As a result, it constitutes a useful platform to benchmark theoretical calculations of exchange interactions in insulating Yb 3+ magnets. Here we study Ba 3 Yb 2 Zn 5 O 11 at low temperatures in applied magnetic fields as a further probe of the physics of this model system. Experimentally, we consider the behavior of polycrystalline samples of Ba 3 Yb 2 Zn 5 O 11 with a combination of inelastic neutron scattering and heat capacity measurements down to 75 mK and up to fields of 10 T. Consistent with previous work, inelastic neutron scattering finds a level crossing near 3 T, but no significant dispersion of the spin excitations is detected up to the highest applied fields. Refinement of the theoretical model previously determined at zero field can reproduce much of the inelastic neutron scattering spectra and specific heat data. A notable exception is a low temperature peak in the specific heat at ∼ 0.1 K. This may indicate the scale of interactions between tetrahedra or may reflect undetected disorder in Ba 3 Yb 2 Zn 5 O 11 . a
I. INTRODUCTION
Breathing pyrochlore lattice materials have recently emerged as an interesting route to study various aspects of frustrated magnetism [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Examples include the potentially enhanced stability of quantum spin ice state [10] , as well as the appearance of a "Weyl magnon", a bosonic analog of a Weyl fermion [12] [13] [14] , which hosts the associated magnon arc surface states [12] .
The breathing pyrochlore lattice consists of a three dimensional network of corner sharing tetrahedra which alternate in size between large and small (see Fig. 1 ). The different bond lengths provide a natural mechanism for a separation of energy scales between the short (length d) and long (length d ) bonds. By tuning the relative importance of these interactions, one can tune between decoupled tetrahedra and the full pyrochlore lattice. Known examples of breathing pyrochlore materials have been found to lie at the extremes of these behaviors, realizing either near equal couplings [1, 2, 9, 11] , or having weakly coupled, nearly non-interacting tetrahedra [4] . a This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan). The case of strongly coupled tetrahedra appears in several Cr-based spinels such as Li(In,Ga)Cr 4 O 8 [1, 2] and Li(In,Ga)Cr 4 S 8 [9, 11] . In these materials the difference between the size of the large and small tetrahedra is small, with "breathing ratios" in the range 1.05 d /d 1.1. The strength of the interactions between the (nominally) small tetrahedra yields behavior closer to the full pyrochlore lattice, instead of the decoupled limit, resulting in a transition to a magnetic ground state in most of these materials [1, 2, 9, 11] .
In contrast, the compound Ba 3 Yb 2 Zn 5 O 11 realizes the opposite limit of the breathing pyrochlore lattice, with a large breathing ratio of d /d ∼ 2 [4] . The lack of evidence of magnetic ordering in this compound, combined with a residual entropy of ∼ log 2 per small tetrahedron strongly suggests that the inter-tetrahedron coupling is weak [4] , with the material being described by essentially decoupled tetrahedral units [5, 7, 8] . The physics of these decoupled tetrahedra has been firmly established by several inelastic neutron scattering (INS) studies [5, 7, 8] . These investigations, and the associated theoretical models, have revealed that the intra-tetrahedron physics originates from dominant antiferromagnetic Heisenberg exchange [4] coupled with an unusually strong Dzyaloshinskii-Moriya (DM) interactions [5, 7, 8] . Such interactions yield a nearly non-magnetic doublet as ground state of each tetrahedron, consistent with expectations from the residual entropy and the magnetic susceptibility [4] . As a result of its experimental and theoretical tractability, Ba 3 Yb 2 Zn 5 O 11 serves an ideal model system for studying the microscopic mechanisms of anisotropic exchange interactions in rare-earth compounds [15] . The ability to unambiguously determine the exchange parameters in this compound [5, 7, 8] has revealed several new features of rareearth exchange, namely the emergent "weak" anisotropy that can appear in ytterbium magnets composed of edge-sharing octahedra [15] .
Two key issues that remain unresolved in Ba 3 Yb 2 Zn 5 O 11 center around (1) the strength and importance of the inter-tetrahedron interactions and (2) the response of Ba 3 Yb 2 Zn 5 O 11 to applied magnetic fields. The later question is particularly interesting since the excited magnetic states should be significantly more susceptible to field tuning, in contrast to the nearly nonmagnetic ground state. Some progress on these issues was reported in Refs. [7, 8] which studied inelastic neutron scattering and magnetization as a function of applied field. Further, evidence of physics beyond isolated tetrahedra may have been observed in zero field specific heat measurements, which reveal a broad peak at ∼ 63 mK [7] . Whether this release of entropy is related to inter-tetrahedron interactions [5, 7] , or is the result of extrinsic effects, such as structural disorder [7] , has not yet been established.
The goal of this paper is to explore these questions in more detail using both INS and heat capacity measurements in applied magnetic fields. This combination of measurements is particularly powerful as the INS measurements are sensitive to the overall excitation spectrum, including wave vector dependence, while the specific heat is much more sensitive to very low energy features. In particular, to explore the lowtemperature feature at ∼ 63 mK in detail, we go beyond previous studies and track its dependence on magnetic field [7] . We support our interpretation of these experimental results with theoretical modeling, building on the results described in Ref. [5] . Our experimental INS results are generally consistent with those of Ref. [8] , but we find that, to obtain good agreement with model calculations, careful consideration of the direction of the applied field in relation to the experimental geometry is essential. The resulting single tetrahedron model provides a good description of the INS data as well as the heat capacity at low fields. Two notable exceptions appear: first are the low-temperature features present in the heat capacity for T 1 K, which are not reproduced by the model and second, are some aspects of the specific heat and INS data at high fields. We speculate that the low-temperature features either provide an indication of the scale of interactions between the small tetrahedra or represents and extrinsic effect such as disorder, as in the zero-field case. The high-field case is less clear, but we discuss some possible explanations of the aforementioned deviations.
II. EXPERIMENTAL RESULTS

A. Specific heat
Specific heat measurements were performed on pelletized polycrystalline samples of Ba 3 Yb 2 Zn 5 O 11 prepared as described in Ref. [5] using a 3 He insert and a dilution refrigerator insert, in a Quantum Design Physical Property Measurement System (PPMS). The specific heat as function of temperature (0.5 K ≤ T ≤ 5 K) for several applied magnetic fields is displayed in the rightmost column of Fig. 2 and in Fig. 3 . The phonon contribution the specific heat has been removed by subtraction of the iso-structural, non-magnetic compound Ba 3 Lu 2 Zn 5 O 11 for the 3 He insert measurements, but not for the measurements in the dilution refrigerator due to the negligible phonon contribution at low temperatures. A prominent feature of the data is the evolution with field of the specific heat at low temperatures. As will be discussed in more detail below, this is consistent with a lowering of the energy of excited states as a function of applied field.
To gain further insight into the low energy spin dynamics as a function of magnetic field, the specific heat was measured down to ∼ 75 mK for several field strengths ( Fig. 3) . At zero field, a peak centered near ∼ 100 mK is observed. Although the measurements presented here have a minimum temperature of 75 mK, this feature likely corresponds to the peak at ∼ 63 mK observed by Ref. [7] as no additional upturn is observed in the data presented here as would be expected if the feature at ∼ 63 mK was to be manifest in our measurements down to this temperature. The observed difference in the position of this peak may indicate that an extrinsic effect such as structural disorder may play some role (i.e. a slight difference between the sample "quality" of Ref. [7] and our own). However, no evidence of structural disorder was reported in previous neutron diffraction studies leaving the influence of disorder, if present, unclear [5, 8] . Note that due the nearly non-magnetic ground doublets of each tetrahedron, hyperfine contributions are suppressed and are only expected to be significant for T 50 mK. The low temperature specific heat changes smoothly with field up to 2 T. At higher fields, more significant changes are observed. As described in Ref. [8] and in Sec. III below, these changes are associated with level crossings of the single tetrahedron ground state with one of the excited states.
B. Neutron scattering
Neutron scattering measurements were performed at the Disk Chopper Spectrometer (DCS) at NCNR, NIST, with incident neutron energy E i = 3.27meV (λ i = 5.0Å) [16] . A dilution refrigerator insert that can access temperatures as low as 70 mK was used with a 10 T magnet. The polycrystalline samples of Ba 3 Yb 2 Zn 5 O 11 used here were synthesized by solidstate reaction and characterized as described in Ref. [5] .
To remove the background, we leverage the discrete nature of the sharp, essentially dispersionless single tetrahedron energy levels and their strong dependence on magnetic field. For each |Q| and ω, we assume that there is a field value (covering ten or so field strengths in the range 0 T ≤ B ≤ 10 T) such that there is no magnetic contribution to the intensity at this point and use this as the background to be subtracted from the raw data. More explicitly, for each |Q| ≡ Q and ω, we take the background to be I 0 (Q, ω) ≡ min B I(Q, ω; B), where I(Q, ω; B) is the experimental intensity at field strength B. Note that this subtraction procedure ensures that the intensity always remains positive.
A summary of the field dependence of the excitation spectrum measured at 0.1 K can be obtained by integrating over the range 0 Å −1 ≤ |Q| ≤ 2 Å −1 , as shown in Fig. 4 . This data is consistent with previous studies of Ba 3 Yb 2 Zn 5 O 11 [5, 7, 8] . Further details are provided in Fig. 2 which shows the |Q| and ω dependence of the spectra at several applied fields. The spectrum at zero field comprises several non-dispersive modes. While the observed modes remain remain largely dispersionless up to 10 T, the highest field probed in this study, these levels are reorganized dramatically as the field is raised.
For small applied fields, one finds the spectral weight associated with the levels near ∼ 0.5 meV is pushed to lower energy, a result of the splitting of the excited state levels, as the ground state doublet is nearly non-magnetic and only responds weakly to the field. Near B (1) c ∼ 3 − 4 T, a more dramatic change occurs in the spectra reflecting a level crossing where one of the excited states becomes the ground state (see Sec. III). Note that due to the anisotropic nature of the spin Hamiltonian for this system [5] , the precise location of a level crossing will depend on the direction of the field relative to the crystal axes. As these measurements are performed on powder samples, this then implies that there will be a distribution of such crossings and thus endowing some ("powder averaging") width to the observed transition.
Above this crossing (B B
(1) c ), the spectrum is qualitatively different, with additional modes that exhibit a significantly different |Q|-dependence. The majority of these modes continue to have a maximum intensity near 1.3Å −1 . However, for B 5 T, a mode appears (starting at ω ∼ 0.75 meV) which has a maximum intensity at low |Q| rather than at 1.3Å −1 and thus appears to be more consistent with an isolated spin flip rather than a collective mode of a tetrahedron. As seen in Fig.  2 , this mode moves up in energy with increasing field. A second level crossing occurs at B (2) c ∼ 8 − 9 T, near the high end of the field range considered here. As in the case of the first crossing, significant changes in the excited levels are observed. However, given its proximity to our maximum field, we have not studied this crossing in the same detail.
III. THEORETICAL RESULTS
A. Model
We now briefly review the appropriate low-energy effective model and compare these results to the predictions for the parameters established in Refs. [5, 7, and 8] . Given the large distance ratio, d /d ∼ 2 between the small Yb 4 tetrahedra, we follow the prior works and neglect any inter-tetrahedron inter-actions. Each Yb 3+ ion in this tetrahedron hosts an effective spin-1/2 degree of freedom, formed from the 2 F 7/2 (J = 7/2) Hund's rule ground state manifold by the C 3v crystal electric field environment. The other crystal field doublets are well-separated from the ground doublet relative to the scale of intra-tetrahedron interactions; the lowest lying state is at ∼ 38 meV [17] . For each single-ion crystal field doublet we define a pseudo-spin operator S i which is related to the magnetic moment µ i through the g-factors, g z and g ±
where (x i ,ŷ i ,ẑ i ) are the local axes of tetrahedron site i [5] . The symmetry of the Yb 4 tetrahedra constrains the interactions between these pseudo-spins to be of the form
where the bond dependent phases γ i j and ζ i j are defined in Ref. [5] . Some aspects of this model are better understood in a global basis for the pseudo-spins. If the global pseudo-spin operatorsS i are defined as
then the model of Eq. (2) takes the form
where the global exchange matricesJ i j are defined as
The local parametrization of Eq. (2) and this global parametrization are related as
The
were fit to thermodynamic and INS data in Refs. [5, 7, 8] . For example, Ref. [5] found J = +0.587 meV, K = −0.014 meV,
with g z = 3.07 and g ± = 2.36. The results of Refs. [5, 7, 8] are quantitatively similar, but have some differences in details; most significantly in the values for the g-factors. However, in all analyses, one finds to a good approximation these fitted parameters describe a Heisenberg antiferromagnet (J > 0) supplemented with large (indirect) DM interaction [18] (D < 0) and negligible symmetric anisotropies (K ∼ Γ ∼ 0). The appearance of this exchange regime in Ba 3 Yb 2 Zn 5 O 11 has recently been rationalized on the basis of a theoretical calculation [15] . The spectrum of this single-tetrahedron model can be understood from the limit of a pure Heisenberg anti-ferromagnet where the states can be classified by the total spin of the four spins. The ground states consist of a doublet of singlets (S tot = 0), with the excited states being three triplets (S tot = 1) and a single high-energy quintet (S tot = 2) [19] . Adding indirect DM strongly mixes the three triplets but preserves the doublet ground state and has no effect on the high lying quintet. The projection of a pseudo-spinS i into the single tetrahedron ground doublet states, denoted |± , takes the form ±|S i |± = ±λẑ i with λ ∼ 0.1 and ±|S i |∓ = 0. This lack of a dipole moment implies that the ground doublet will split only very weakly in small magnetic fields [5] . Further, it puts strong constraints on the origin and scale of any intertetrahedron interactions; specifically at leading order these interactions are purely Ising in the doublet degrees of freedom and are suppressed by factors of O(λ 2 ) [5] . These restrictions do not apply to the higher lying states which, as we shall see, respond strongly to applied fields.
B. Refinement
In a magnetic field, the single tetrahedron model takes the form
where the moment µ i is defined in Eq. (4). At zero field, the g-factors that describe in µ i projected in the single-ion crystal field doublet appear only in susceptibility and the intensities of the inelastic transitions. Neither of these probes are particularly suited to a precise determination of the g-factors.
To refine the model for Ba 3 Yb 2 Zn 5 O 11 , we thus consider re-fitting the g-factors and exchange parameters, that we originally determined in Ref. [5] , using the INS spectrum in a magnetic field. One must account for the powder averaging carefully. We denote the intensity of a crystallite of the powder sample aligned to the laboratory frame as I(Q, ω; Bẑ), where Q,ω are the wave-vector and energy and the applied field is chosen to be along the (laboratory)ẑ direction. For a grain of the powder sample that is rotated from the nominal axes by some rotation R, the inelastic intensity at wave-vector Q in field B will then be given by I(R Q, ω; BR ẑ). Due to the detector geometry, only a narrow window of wave-vectors are collected, namely those withQ approximately perpendicular toB [20] . Averaging over the grain orientations, R, the powder-averaged intensity is then given
Note that due to the correlation between the field and wavevector directions, this is not equivalent to averaging over botĥ Q andB separately, as was stated in Ref. [8] .
With these details in mind, we follow essentially the same fitting procedures as in Ref. [5] , but using data (INS and specific heat) at zero-field and at a fixed finite field of B = 5 T [21]. Rather than consider a large number of initial points in parameter space, we instead refine the values found in Ref. [5] . We find the refined exchanges are essentially unchanged, with
The g-factors however are somewhat different, with (g z , g ± ) = (2.72, 2.30) compared to the values of (3.07, 2.36) we reported in Ref. [5] . This model provides a good description of the excitation spectrum at both low and high fields, including the level energies and intensities, as seen in Fig. 2 . One finds that two levels crossings occur, one at moderate fields ∼ 3 − 4 T and one at larger fields ∼ 8 − 9 T, consistent with B found experimentally. Both are somewhat broad due to the precise crossing being dependent on the field direction which is being averaged over. We note that whether these are true level crossings, rather than an avoided crossing, also depends on the field direction. The agreement of the model with the experimental specific heat is not as good as with the inelastic neutron spectrum. While the agreement is reasonable above 1 K for B 5 T (below and a bit above the first level crossing), there are some significant disagreements at larger fields, for example at B = 8 T and B = 10 T, as shown in Fig. 2 . Like the case at zero-field, there is disagreement between the single-tetrahedron model at all fields at temperatures below 1 K. As in the zero field case, we attribute this to deficiencies of the single tetrahedron model itself, not in its parametrization [5, 7] .
IV. DISCUSSION
The agreement between the measured inelastic neutron spectrum and the theoretical model over a wide range of fields further confirms that this pseudo-spin 1/2 model is a good description of the single-tetrahedron physics. The disagreement for the specific heat is, however, puzzling. One should bear in mind that the energy scale associated with the specific heat is significantly lower than what is accessible in the INS data. For example, disagreement at ∼ 2 K or so corresponds to energy differences of order ∼ 0.2 meV, comparable to the energy resolution of the experiment. The specific heat data is thus a more sensitive probe of the low-energy physics of Ba 3 Yb 2 Zn 5 O 11 than the inelastic neutron scattering data.
There are several factors that could account for these discrepancies. We have checked that contributions from higher crystal field levels of the Yb 3+ ion do not significantly affect the results [22] , nor do (naïve) demagnetization corrections at the larger field values. Another possibility is that the field leads to modifications of the super-exchange pathways and crystal field potential (e.g. through magnetostriction) and thus leads to (weakly) field dependent values for the exchanges (J) and g-factors. To explore this scenario, we refined the best fit parameters separately at each field value; while this improved the agreement somewhat at each field, there were no clear trends in the so-determined g-factors or the exchange values.
One potentially exciting possibility is that these discrepancies are pointing to the importance of physics beyond the single-tetrahedron model. Such effects have been discussed in explaining the low-temperature behavior at zero-field; possibilities include inter-tetrahedron interactions [5, 7] or perhaps non-magnetic disorder [7] splitting the doublet ground states of the tetrahedra. Given the presence of level crossings, and thus change in the ground state of the individual tetrahedra, it is possible that the relevance of the inter-tetrahedron interactions could be strongly field-dependent. For example, at small field, the magnetic moment of the (approximate) doublet ground states of the single tetrahedron are quite small, due to the DM interaction being subdominant. The projection of the inter-tetrahedron exchange interactions [5] into this subspace are thus suppressed by factors of O(λ 2 ). At higher fields, the ground state carries a larger magnetic moment and thus these interactions may no longer be suppressed. This is consistent with the clear manifestation of these discrepancies as one passes through the level crossings. It is not clear if nonmagnetic disorder could explain these disagreements. At low fields (below B (1) c ), due to the small splitting of the ground doublet, one might expect non-magnetic disorder to remain effective. Once the field is large, one should expect the details of the spectrum to be less sensitive to disorder, given the single tetrahedron ground state is non-degenerate, with no nearby states that could be mixed by weak structural disorder.
In summary, the combined experimental and theoretical study reported here confirms that, at low applied fields and above 1 K, the model of independent Yb 4 tetrahedra provides a good description of the physics over a wide range of temperature and magnetic field. However, below 1 K and at high fields we find significant deviations from the model. In particular, at low temperatures, the specific heat shows a peak at ∼100 mK that may indicate the inter-tetrahedron interaction energy scale or may be a consequence of yet undetected disorder in Ba 3 Yb 2 Zn 5 O 11 . On the other hand, at higher field, deviations from the model are found in both the INS data and the heat capacity data. This discrepancy may be more conse-quence of inter-tetrahedron interactions between excited states becoming important, as disorder effects would not naïvely show such a strong field dependence.
